Piper glabratum is a plant native from South America, which has been little studied, despite its use in folk medicine. In this study, chemical composition, antioxidant and antifungal activities of essential oils (EOs) from leaves of P. glabratum were investigated. The influence of seasonality on its chemical composition was also evaluated. The chemical characterization was performed by twodimensional gas chromatography coupled with quadrupole mass spectrometry (GC×GC/qMS). Altogether, 199 compounds were identified in the EOs and their composition varied during the seasonal cycle. The main compounds found were sesquiterpenes and their oxygenated analogues. EOs showed antioxidant activity, measured by 2,2-diphenyl-1-picrylhydrazyl-DPPH (from 28.1 to 33.4 µg mL -1 ) and β-carotene assays (from 57.4 to 66.4%), and inhibitory action against C. albicans. The oils provided expressive properties; however, the yield of EO from winter was not enough for activities assays, remarking the influence of the seasonality on the biological activities of this plant.
Introduction
Essential oils are complex mixtures of compounds which vary at different concentrations with commercially important especially for the pharmaceutical, food, sanitary, and cosmetic industries. The main compounds of these oils are terpenes and terpenoids and the other aromatic and aliphatic constituents, all characterized by relatively low molecular weight. 1 Interactions between these compounds may lead to antagonistic, additive, or synergistic effects, inducing higher or lower bioactivity when compared to the oil's isolated components. 2 The genus Piper contains over 700 species, distributed in tropical and subtropical region of the world. 3 Many species, mainly from India, Asia, and Africa, are economically important; they have been used for centuries in folk medicine, as well as a food additive. 4 The essential oils from different Piper species commonly found in Brazil have been studied, and have showed a rich chemical composition, as well as biocidal, cytotoxic, antifungal, antioxidant, and anti-cholinesterase activities. [5] [6] [7] Among the Piper species native from Brazil, Piper glabratum Kunth has been little studied, despite its long use in folk medicine, and the studies that have pointed to its prominent diuretic proprieties, 8 as well as its antiparasitic activity against Leishmania and Trypanosoma cruzi. 9 Additionally, it has been showed that the essential oils possess anti-inflammatory potential and absence of toxicity. 10 Comprehensive two-dimensional gas chromatography (GC×GC) 11 is now the most powerful separation technique for the analysis of volatile compounds. 12 Since the first application of GC×GC for essential oil characterization, 13 much attention has been devoted to this field, due to its superiority over one-dimensional gas chromatography (1D-GC) for analysis of this matrix.
In GC×GC, fast detectors with high data acquisition rate are mandatory. This feature is required for the correct assignment and quantification of the very fast second-dimension peaks (100-600 ms). A relation exists between the acquisition rate and the number of data points which define a peak. The higher the acquisition rate, the greater the number of data points that is available to define the chromatographic profile. 14, 15 Furthermore, there is a compromise between the identification of compounds with a high level of confidence by mass spectrometry, and the mass spectra quality generated by these systems. It can be studied by evaluating spectral skewing and similarity match (mass spectral similarity, %MS), with the MS library compounds, at each data point of the modulated peak. Scanning of fast-eluting peaks can cause skewing of the mass spectra, i.e., variation of the instantaneous mass flux in the ion source over a single scan cycle and can be described by plotting mass-to-charge ratio (m/z) of abundant ions in a spectrum across the peak elution. 16 The goal of the present study was to investigate the chemical profile and seasonal variation of the essential oils from Piper glabratum Kunth by rapid-scanning two-dimensional gas chromatography coupled with quadrupole mass spectrometry (GC×GC/qMS). Initially, the detector's performance (in terms of number of data points per peak, average spectra quality match, and peak skewing) was evaluated against representative essential oil compounds. The antioxidant and antifungal activity of the oils were also evaluated.
Experimental

Samples and reagents
The leaves of Piper glabratum were collected during 2012, according the four stations: March (autumn), June (winter), September (spring) and December (summer), in Dourados-MS (22º14'55"S; 54º53'57"W), Brazil. A voucher specimen was identified (DDMS 4412) by Dra Elsie Franklin Guimarães and deposited in the herbarium of the Federal University of Grande Dourados (UFGD).
Standard and chemicals compounds: n-alkane (C 6 -C 30 ), β-carotene (≥ 95%), linoleic acid (≥ 98%), 2,2-diphenyl-1-picrylhydrazyl (DPPH), nystatin, and butylated hydroxytoluene (BHT) (≥ 99%), were purchased from Sigma Aldrich (Saint Louis, MO, USA). Solutions of n-alkane (100 ppm) were prepared in n-hexane. Sabouraud broth and polyoxyethylene sorbitan monopalmitate (Tween ® -40) were purchased from Sigma Aldrich (Saint Louis, MO, USA), and anhydrous sodium sulfate p.a. grade from Merck (Darmstadt, HE, Germany). Methanol, chloroform and n-hexane (chromatographic grade) were obtained from JT Baker (Phillipsburg, NJ, USA).
Essential oil standards: (−)-β-pinene (99%), α-terpineol (≥ 96 %), limonene (97%), linalool (97%), (E)-caryophyllene (≥ 98.5%), carvone (≥ 97%), α-humulene (≥ 96%), 1,8-cineole (99%), camphor (≥ 96%), (E)-nerolidol (≥ 85%) and α-bisabolol (≥ 93%) were purchased from Sigma Aldrich (Saint Louis, MO, USA). Standard solutions (1 ppm) were prepared by weight appropriate amounts of standard, dilution in hexane and stored at −4 °C.
Sample preparation
The leaves were collected, chopped, and immediately hydro-distilled for 4 h using a Clevenger-type apparatus. The essential oil was dried using anhydrous sodium sulfate, transferred to dark vials, weight, and stored at −4 °C for further analysis. The mass yields (weight to weight) were calculated on fresh weight basis. Each essential oil (50 mg) was diluted in n-hexane (1 mL) before gas chromatographic analysis. The experiments were made in triplicate.
GC×GC/qMS analysis GC×GC/qMS analysis was carried out on a Shimadzu GC×GC/qMS system consisting of a GC2010 gas chromatograph and a QP2010 Ultra quadrupole mass spectrometer (Shimadzu Corp., TYO, Japan). The mass spectrometer was operated at 70 eV in fast scan mode (20000 Daltons per s) over a 40-250 m/z range, giving a 65 Hz acquisition rate. The system was provided with a loop-type modulator (Zoex Corp., TX, USA) cooled with liquid nitrogen and with the hot jet pulse time set at 375 ms (300 °C) with modulation times of 5 s. The separations were achieved on a DB-5 (5% phenyl methyl-polysiloxane, Agilent Technologies, CA, USA) analytical column (60 m × 0.25 mm × 0.25 µm) as a first dimension (1D). The second dimension (2D) column was a DB-17 (50% phenyl methyl-polysiloxane, Agilent Technologies, CA, USA) analytical column (2.15 m × 0.18 mm × 0.18 µm). Temperatures were set as follows: 40 °C (hold 5 min), raised to 115 °C (3 °C min −1 ), and then to 175 ºC (2 ºC min −1 ) and finally 246 °C (3 ºC min −1 ) (hold 10 min). The injector, ion source and interface temperature were held at 250 °C. The samples were injected in the split mode (1:20) and the carrier gas flow rate (helium) was 0.91 mL min −1 . In order to calculate the linear-temperature-programmed retention indices (LTPRI) a linear C 6 -C 30 alkane mixture was analyzed using identical GC×GC/qMS conditions. 17 Data were acquired by GCMS Solution software 18 and processed using GCImage software. 19 Compounds were tentatively identified by comparing their electron ionization mass spectral fragmentation (EI-MS) similarity with commercial database (NIST) and by comparing their LTPRI to those reported in a database. 20 An identity spectrum match factor above 800 resulting from NIST and a LTPRI with a match window of ± 20 were determined to be acceptable for tentatively identified compound. The relative amounts of individual compounds were calculated based on GC×GC/qMS peak area without using correction factor.
Antioxidant activity
The evaluation of the antioxidant capacity was carried out by two different methods: DPPH and β-carotene bleaching.
DPPH: free radical scavenging assay
In order to estimate the DPPH scavenging capacity, the essential oil samples at different concentration ranges (1-100 µg mL -1 ) were mixed in the freshly DPPH solution (0.1 mmol L -1 in methanol, 3.0 mL), according to previously described. 21 The mixture was shaken vigorously and left to stand at room temperature in the dark. After 30 min, absorbance (517 nm) was measured against a blank containing all reagents except the test samples, using an ultraviolet-visible (UV-Vis) spectrophotometer (Femto, model 700 plus). BHT was used as positive control.
The scavenging activity was calculated as equation 1:
where: A0 is the absorbance of the blank solution and A is the absorbance of the essential oil. The percentage of scavenging activity was plotted against the sample concentration to obtain effective concentration (IC 50 ) defined as the concentration of the sample necessary to scavenge 50% of the DPPH radicals. Determinations were performed in triplicate.
β-Carotene bleaching (BCB) assay
The antioxidant activity of the essential oils were measured on the basis of the β-carotene bleaching system according to the previously reported. 22 Briefly, β-carotene was dissolved in chloroform (0.2 mg mL -1 ) and an aliquot (1 mL) of this solution was mixed with linoleic acid (20 mg) and Tween-40 ® (200 mg). Subsequently, chloroform was removed under vacuum using a rotary evaporator (Fisatom, model 801) and then distilled water saturated with oxygen (50 mL) was slowly added with vigorous agitation to form an emulsion. Emulsion aliquots (5 mL) were mixed with each essential oil sample (0.2 mL). Control samples were prepared with methanol (0.2 mL) without sample. BHT was used for comparative propose. As soon as the emulsion was added to each tube, the absorbance (470 nm) was measured (zero time) using a UV-Vis spectrophotometer (Femto, model 700 plus). Tubes were placed in a water bath (50 °C) and oxidation was monitored by absorbance measurements at 15 min intervals until the color of β-carotene had disappeared in the control sample (approximately 105 min). The experiments were carried out in triplicate.
Antioxidant activity (AA) was calculated as percent inhibition relative to the control (equation 2):
(2)
where Ai: absorbance values (0 min) for the tested sample, At: absorbance values (0 min) for the control, A'i: absorbance value (105 min, 50 °C) for the tested sample, and A't: absorbance value (105 min, 50 °C) for the control. The experiments were performed in triplicate.
Antifungal activity
In order to evaluate the minimum inhibitory concentration (MIC) of the essential oils against the yeast Candida albicans (ATCC10231), a broth microdilution assay was performed according to the method previously described. 23 Briefly, serial dilutions of each essential oil (2.0-50 µg mL -1 ) and a volume of Sabouraud broth, inoculated with the microorganism (10 5 colony-forming units (CFU) mL -1 ), were added in 96-well plates. The plates were incubated for 72 h at 25 °C. Experiments were performed in triplicate, nystatin was used as positive control and proper blanks were carried out simultaneously.
Results and Discussion
Chemical constituents
There was a variation in the yield of the essential oil according to the harvest time. The yield from spring, summer, and autumn leaves was 0.89, 0.81 and 0.70% respectively, while winter had the poorest yield by far, at only 0.05%. This is probably due to Dourado's climate at that time of year; while summers tend to be extremely hot and sunny, on winter the weather is milder, with an extreme low amount of rainfall. As a consequence, the essential oil from winter was only used for chemical characterization; the amount obtained was not enough for antioxidant and antifungal assays.
In the beginning of the chemical composition study, the performance of the rapid-scanning qMS for identification of essential oil compounds with a high level of confidence was evaluated. To assess the performance, a set of essential oil standard compounds of different classes-namely monoterpenes hydrocarbons (β-pinene and limonene), oxygenated monoterpenes (1,8-cineole, linalool, camphor, α-terpineol, and carvone), sesquiterpenes hydrocarbons ((E)-caryophyllene and α-humulene), and oxygenated sesquiterpenes ((E)-nerolidol and α-bisabolol)-were used to evaluated important qMS parameters (number of data points per peak, the average spectra quality match, and the peak skewing). Therefore, the mass spectrometer was operated in fast scan mode (20000 amu s -1 ) over a 40-250 m/z range, giving a 65 Hz acquisition rate. Table 1 reports the number of modulations per peak, data points, peak weight, average spectra quality match (MS%) and the selected ions (target ion (T), and qualifier ions (Q1 and Q2)) used to evaluate the skewing of the mass spectra, for each investigated compound.
The system employed generated at least 7 data points per peak, for all analyzed compounds. These results are considered sufficient amount of data points. 24 Even for the group of compounds that showed the lowest number of data points (β-pinene, α-terpineol and (E)-nerolidol), the results were satisfactory. The majority of evaluated compounds showed peak width of 180 ms with number of scans per peak ranging from 9 to 11.
The quality of the mass spectra was measured by the similarity match (%MS). It was obtained by the comparison of experimental mass spectra and mass spectra from commercial library (NIST), and was evaluated at each scan of the main modulated peak, for each investigated compound. According to the results, good similarity match was obtained with an average from 92 to 94%. Furthermore, the low percent relative standard deviation (%RSD) values for this parameter showed that %MS were constant across the evaluated peaks.
The compounds showed some mass spectral distortion across their chromatographic peak. As can be seen in Table 1 , the %RSD values for the ratios T/Q 1 and T/Q 2 ranged from 4.8 to 9.8%. It means that mass ratios (or mass spectral) were not even across the peak elution. However, these %RSD values are considered synonymous of relative stability for this parameter. 16 The high qMS performance observed with the standard compounds (high similarity match and acceptable stability of the mass ratio) allowed us to adopt this experimental setting to characterize complex samples as P. glabratum essential oil with high level of confidence. Figure 1 illustrates a total ion chromatogram from the GC×GC/qMS presented as a contour plot for the essential oil samples.
Considering the four essential oils, a total of 199 compounds were identified, with satisfactory library matches and LTPRIs. The experimental LTPRIs showed a good concordance with those reported by Adams 20 for 1D-GC. The identified compounds are listed in Table 2 with their LTPRI from the literature, LTPRI differences (experimental LTPRI -literature LTPRI), and relative percentage of the chromatographic area. Table 1 . Number of modulations per peak; number of points per peak for the main modulated peak; peak width at the baseline; average spectral similarity (%MS); target ion (T), and qualifier ions (Q 1 and Q 2 ) ratios, with their percent relative standard deviation (%RSD) for each 2D peak The essential oil from summer leaves showed the highest number of identified compounds (142), the main representative being the monoterpenes β-pinene (9.66%) and artemisia triene (8.47%), and oxygenated sesquiterpene (E)-nerolidol (6.76%). The sesquiterpenes hydrocarbons showed a high relative concentration (40.50%), and included compounds such as α-selinene (4.29%) and (E)-caryophyllene (4.26%). Notable differences were recorded in the essential oils composition during the season. Indeed, 30 compounds were identified only in essential oil from summer leaves, among them β-santalene, 3-thujyl acetate, and neryl acetone.
The essential oil from spring leaves showed 136 identified compounds. The major constituents were found to be (E)-nerolidol (8.45%), sesquiterpene bicyclogermacrene (6.93%), and oxygenated sesquiterpene caryophyllene oxide (5.56%). The sesquiterpenes hydrocarbons displayed the highest contribution (54.10%) among which (E)-caryophyllene (4.89%), and α-humulene (4.41%) were detected at high relative concentrations. A group of 36 compounds were identified only in this sample, among which (E)-methyl cinnamate and trans-cadina-1(6),4-diene were the most representative. Phenylpropanoids were also identified exclusively in this oil.
As well as summer, essential oil from autumn leaves presented a high relative concentration of (E)-nerolidol (8.86%), β-pinene (6.75%), and artemisia triene (6.40%). Similar to the oils from summer and spring leaves, the essential oil from autumn leaves presented a high relative concentration of sesquiterpenes hydrocarbons (47.20%), among which α-selinene (6.19%), germacrene D (5.47%), (E)-caryophyllene (4.90%) were the most representative compounds. This oil showed 101 identified compounds, 7 of which were not identified in the other analyzed oils, such as trans-muurola-3,5-diene and α-calacorene.
The essential oil from winter leaves was the poorest analyzed oil, with only 26 compounds identified. It presented germacrene D (77.40%), δ-elemene (4.53%), and bicyclogermacrene (3.49%) as its main constituents. Furthermore, it presented the highest relative content of sesquiterpenes hydrocarbons (98.00%) of all four oils studied. Two compounds (elixene and humulane-1,6-dien-3-ol ) were found in the oil obtained in winter, which were absent in the other oil analyzed. The typical dry winter in the Dourados region might explain the significant difference in the yield and chemical composition of the essential oil from winter leaves.
In sum, all of the analyzed oils consisted of sesquiterpenes hydrocarbons as a major fraction (Figure 2 ). The oils from summer and autumn leaves were characterized by higher relative contents of monoterpene hydrocarbons in comparison with the other two samples. Furthermore, the lowest relative amount of oxygenated sesquiterpenes was observed in essential oil from winter leaves.
There are few studies available in the literature regarding the chemical profile of essential oils from P. glabratum. Assis et al. 25 analyzed the oil using 1D-GC and identified 67 compounds, among them phenylpropanoids as eugenol and apiole. The major compounds were β-caryophyllene, longiborneol, and (E)-nerolidol. While Branquinho et al. 10 used the same approach and found 27 compounds, among them β-pinene, longiborneol, α-pinene, and (E)-caryophyllene as the major compounds. The majority of the compounds found in those studies were also found in ours; however, the use we made of GC×GC/qMS has showed the real richness and complexity of these oils, and allowed for its detailed chemical characterization.
Antioxidant and antifungal activities DPPH scavenging
The half maximal inhibitory concentration (IC 50 ) values of the essential oils from leaves collected in summer, spring and autumn, and BHT were 28.08 ± 0.22, 28.12 ± 0.29, 33.45 ± 0.41, and 17.98 ± 0.33 µg mL -1 , respectively. The antioxidant activities of the oils were around 60% of the antioxidant activity of the synthetic antioxidant BHT. This is the first study related to the antioxidant activity of essential oil from Piper glabratum. However, the antioxidant activities of the EOs of other Piper species have been documented in the literature. 6, 26, 27 There are not many studies on the antioxidant activity of isolated compounds of essential oils, and most of them refer to the activity of the whole matrix. However, the isolated monoterpenes 1,8-cineole, β-myrcene, sabinene, α-terpinene, γ-terpinene and terpinolene, besides the sesquiterpenes, bisabolol and farnesol, have been shown antioxidant activity in previous studies. 28 These compounds were identified in the essential oils from P. glabratum, suggesting that they might be involved in antioxidant activity observed in the assays.
β-Carotene bleaching (BCB)
The antioxidant activity of the essential oils from leaves collected in summer, spring and autumn was 57.40 ± 0.99, 60.07 ± 0.25, and 66.43 ± 0.38% respectively, expressed as percent inhibition relative to the control. The BCB method works in an aqueous emulsion of linoleic acid and β-carotene, which is discolored by the radicals generated by the spontaneous oxidation of the fatty acid, promoted by thermal induction. 29 The presence of an antioxidant can be retarded the β-carotene discoloration by competing with it for the radicals. Therefore, the presence of compounds with similar structure to β-carotene in the essential oils, such as π-conjugated molecules, could explain the observed antioxidant activity. As can be seen in Table 2 (compounds in bold), these type of hydrocarbons displayed high contribution-12, 16 and 18% of the chromatographic area in the essential oils from spring, summer and autumn leaves, respectively-among which (E)-methyl cinnamate, (E,E)-α-farnesene and artemisia triene were detected at high relative concentrations.
Antifungal activity
Essential oils from summer, spring and autumn leaves exhibited potent activity against Candida albicans yeast (MIC values of 26 ± 0.4, 27 ± 0.7, and 32 ± 0.2 µg mL -1 , respectively). The antifungal activity of these essential oils was lower than that of nystatin, the positive control (MIC value of 3.0 ± 0.2 µg mL -1 ).
The antimicrobial activity of essential oil has been explained by the presence of monoterpenes and sesquiterpenes with aromatic rings and phenolic hydroxyl groups and other active terpenes, as well as alcohols, aldehydes and esters, all of which might contribute to the overall essential oil antimicrobial effect of the essential oil. 30 Several aromatic compounds were identified in the P. glabratum essential oils ( Table 2 ). These compounds represented 5.2, 0.7 and 1.3% of the chromatographic area in the oils from spring, summer and autumn leaves, respectively. Compounds among which (E) and (Z)-methyl cinnamate (spring) and trans-calamenene (summer and autumn) were detected at high relative concentrations. Furthermore, some compounds identified in the essential oil from P. glabratum, such as β-pinene and (E)-caryophyllene, are known to possess antimicrobial activity against Candida albicans yeast. 31, 32 Thus, these compounds might play an important role in the antifungal findings. 
Conclusions
In this study, GC×GC/qMS has proved to be a versatile tool for the analysis of the essential oils from P. glabratum, its use allowing for an in-depth knowledge about the chemical composition of the oils. Due to the variability of the environmental factors, the essential oils obtained from leaves collected at different seasons showed important differences in chemical profile. However, in spite of these differences, the essential oils from spring, summer, and autumn leaves showed similar and strong antioxidant and antifungal activities. The oils from winter leaves were poor in yield and number of identified compounds, and it was not possible at the time to evaluate its activities. These findings point to the influence of the seasonality on the biological activities of this plant.
